Objective-Sarcolipin (SLN) regulates muscle energy expenditure through its action on sarco/ endoplasmic reticulum Ca 2+ -ATPase (SERCA) pump. It is unknown whether SLN-dependent respiration has relevance to human obesity, but whole-transcriptome gene expression profiling revealed that SLN was more highly expressed in myocytes from individuals with severe obesity (OB) than in lean controls (LN). The purpose of this study was to examine SLN-dependent cellular respiratory rates in LN and OB human muscles.
Introduction
The recent pandemic in obesity has resulted in exponential growth in the prevalence of metabolic diseases ( 1 , 2 ) . Obesity occurs because of a disruption in energy homeostasis, where excess calories become stored in adipose tissue. While lifestyle interventions such as caloric restriction and physical exercise provide a means to weight loss, their long-term success is uncertain ( 3 ) . Current medical interventions such as pharmaceutical treatments and bariatric surgery have side effects ( 4 , 5 ) . Although various strategies are employed to limit energy intake, at present physical activity remains the only practical means of increased energy expenditure.
Mitochondrial uncoupling has been well characterized as a site of futile energy expenditure in brown adipocytes ( 6 , 7 ) , muscle ( 8 ) , and more recently in beige adipocytes ( 9 , 10 , 11 ) . Sarcoplasmic reticulum (SR) uncoupling has been proposed as an alternate site of muscle energy dissipation ( 12 , 13 , 14 ) . This pathway affects SR calcium cycling dynamics and reduces efficiency of sarco/endoplasmic reticulum Ca 2+ ATPases (SERCAs) in a manner analogous to induction of futile proton cycling by mitochondrial uncoupling proteins (UCPs) to reduce energetic efficiency for ATP production by complex V. This SR futile calcium cycling is regulated by the protein sarcolipin (SLN) which appears to uncouple SERCAdependent ATP hydrolysis from calcium transport into SR ( 14 , 15 , 16 ) . SLN-knockout mice have reduced respiratory rates and are more prone to diet-induced obesity than wild type littermates ( 12 ) .
Skeletal muscle biopsies from human subjects provide valuable insights for cellular processes that are directly relevant to the human population, but they provide only snapshots of the in vivo state and are not well suited for mechanistic studies. Human Skeletal Muscle Cells (HSkMCs) are primary muscle cells isolated from muscle biopsy samples and then induced to differentiate into myocytes, and they retain many metabolic properties of skeletal muscle in vivo, including insulin responsiveness and substrate oxidation ( 17 , 18 , 19 , 20 , 21 ) .
Such myocytes can be genetically manipulated and/or treated with pharmacologic agents to study cellular mechanisms ( 22 ) . Furthermore, potential confounders such as humoral/neural effects and contamination by other cell types can be eliminated in studies using primary cells.
Here we used whole-transcriptome sequencing of HSkMCs from lean humans (LN) and those with severe obesity (OB) in order to compare gene expression profiles and identify candidates that may underlie the obesity metabolic program in these cells. Among 118 genes that were significantly differentially expressed between LN and OB, SLN stood out as a top candidate that was more highly present with obesity. We examined the hypothesis that greater SLN expression in human skeletal muscle with obesity leads to greater SLNdependent respiration in these myocytes, possibly compensating for substrate overabundance by increasing energy expenditure.
Methods and Procedures Human subjects, muscle biopsy and HSkMC isolation
The experimental protocol was approved by the Internal Review Board for Human Research at East Carolina University. Informed consent was obtained from all participants. Seven lean subjects without diabetes (LN: BMI < 25 kg/m 2 ) and seven subjects with severe obesity (OB: BMI > 40 kg/m 2 ) were studied (all Caucasian females). A fasting blood sample (glucose and insulin) and muscle biopsy from the vastus lateralis were collected. A portion of the biopsy sample was frozen immediately, and another portion was used to isolate primary muscle cells as previously described.( 17 )
Cell culture
HSkMCs were maintained in DMEM + 10% fetal bovine serum (FBS) supplemented with 0.5 mg/ml BSA, 0.5 mg/ml fetuin, and 100 µg/ml penicillin/streptomycin. At P2, multiple vials of cells were frozen and stored in liquid nitrogen for subsequent studies. At ~80% confluence, HSkMCs were switched to low-serum (2% horse serum) media to induce differentiation into myocytes. C2C12 cells were maintained in DMEM + 10% FBS. At ~80% confluence, media was changed to DMEM + 2% horse serum to induce differentiation. HEK 293T cells were maintained in DMEM + 10% FBS.
Western blotting
LN and OB HSkMC myocytes were incubated with or without 100 nM of insulin for 15 min. Cells were quickly harvested in a homogenization buffer for the analyses of insulinstimulated phosphorylation of Akt Ser 473 (pAkt: #9271, Cell Signaling Technology, Danvers, MA) by Western blotting as previously described ( 23 ) . SLN (ABT13, EMDMillipore), SERCA1 (ab2819, Abcam), SERCA2 (ab3625, Abcam), COXIV (#4844, Cell Signaling), and actin (A2066, Sigma) were also quantified in LN and OB HSkMCs.
Fatty acid oxidation
Rates of fatty acid oxidation were measured ( 18 ) by incubating myocytes in media containing 100 µM sodium oleate and 1.0 µCi/ml [ 14 C]-oleate (Perkin Elmer, Waltham, MA) at 37°C. After 3 h, the incubation media was transferred to new dishes and assayed for labeled CO 2 . Cells were washed in PBS and lysed in homogenization buffer for the measurement of protein concentration by bicinchoninic assay (Thermo, Rockford, IL). All assays were performed in triplicates.
RNA sequencing
Total RNA from three samples per group was isolated by Qiagen RNeasy kit (Venlo, Limburg, Netherlands) and quality was assessed on a bioanalyzer (RIN > 8 for each sample). Poly-A selected cDNA libraries were constructed and sequenced on an Illumina HiSeq2000 by Otogenetics Corp (Norcross, GA) producing at least 20 million 2×101 paired end reads per sample. Reads were aligned to the NCBI GRCh37 USCS hg 19 reference genome with TopHat. RefSeq annotations were used as the gene model and differential expression was assessed with Cufflinks, correcting for multiple comparisons. Gene enrichment and pathway analysis were conducted with the Database for Annotation, Visualization and Integrated Discovery (DAVID). Expressions of select genes were confirmed with quantitative PCR as previously described ( 24 ) .
Cellular respiratory rates
Cellular respiratory rates were determined with Seahorse Flux Analyzer XF-24 (Seahorse Bioscience, Billerica, MA). HSkMCs (60,000 cells/well) or C2C12 (25,000 cells/well) myocytes were plated and differentiated on a Seahorse culture plate. On the day of the experiment, media was switched to XF Assay Medium Modified DMEM (0 mM glucose) containing 1 mM pyruvate and 0.1% dextrose for 1 h. Oxygen consumption rates (OCR) for different respiratory states were measured using XF-24 by successive injections of oligomycin (1 µM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (0.4 µM), and rotenone (0.1 µM)/antimycin A (2 µM). Values for respiratory rates were normalized to cellular protein for each well. For HSkMCs knockdown experiments, values were further normalized for each plate to account for plate-to-plate variability.
Lentivirus-mediated knockdown
Plasmids encoding shRNA for mouse SLN (shSLN: TRCN0000313022) and human SLN (TRCN0000288825) were obtained from Sigma (St. Louis, MO). Packaging vector psPAX2 (ID #12260), envelop vector pMD2.G (ID #12259), and scrambled shRNA plasmid (sc: ID #1864) were obtained from Addgene (Cambridge, MA). 293T cells in 10 cm dishes were transfected using Lipofectamine 2000 with 2.66 µg of psPAX2, 0.75 µg of pMD2.G, and 3 µg of shRNA plasmid. After 48 hours, media were collected, filtered using 0.45 µm syringe filters, and used to treat undifferentiated C2C12 or HSkMCs. After 36 h, target cells were selected with puromycin and were plated on 6-well dishes (for qPCR) or on Seahorse plates (for respiratory rates) and were differentiated. SLN-knockdown did not affect differentiation efficiency.
SR lipidomics
SR fraction was isolated from LN and OB HSkMCs as previously described ( 24 ) . Lipidomic analyses of LN and OB HSkMCs were conducted in the Department of Medicine Mass Spectrometry Facility of the Washington University School of Medicine as previously described ( 24 ) 
Statistical analyses
Values are expressed as means ± SEM. Statistical comparisons were performed using 2-tailed Student's t test, or a 2-way ANOVA with Sidak's multiple comparisons test. P values less than 0.05 were considered significant.
Results

An obesity metabolic program in HSkMCs
Compared to LN subjects, OB subjects had significantly greater body mass, BMI, fasting insulin and HOMA-IR, but fasting glucose levels were not significantly different between the groups ( Table 1) . As previously reported ( 19 ) , HSkMCs myocytes from LN and OB subjects did not have any obvious morphologic differences ( Figure 1A ). Evidence suggests that ex vivo these cells retain metabolic characteristics of donor skeletal muscle in vivo ( 18 , 19 , 20 , 21 , 22 ). In the current study, we found that OB HSkMCs are insulin resistant ( Figure   1B , reduction in insulin-stimulated pAkt) and have reduced rates of fatty acid oxidation ( Figure 1C ) compared to LN HSkMCs. These observations support the proposition that HSkMCs derived from human subjects can maintain metabolic traits expressed by skeletal muscle in vivo. HSkMCs thus provide a suitable platform for in vitro mechanistic studies impossible to perform in human subjects.
Because HSkMCs maintain these differential phenotypes in culture in the absence of the hormonal milieu as well as neural inputs, such phenotypes are likely to result from genetic or epigenetic influences, and such differential programming might be expected to be manifest in the gene expression profiles. To explore this possibility, we used whole-genome RNAseq to characterize the transcriptome of LN and OB HSkMCs. Microarray analyses of muscle biopsy samples from groups of subjects with similar demographic profiles have been conducted previously ( 19 ) . However, muscle biopsies contain contaminating cell types, e.g., adipocytes, endothelial cells and macrophages, and these cell types might influence the transcriptome. Thus, transcriptomic profiling of HSkMCs provides cell-specific information. RNAseq also offers the advantage of wider dynamic range, single-base resolution, comprehensive coverage, and reduced background noise ( 25 ) .
RNAseq data are displayed in a volcano plot that represents differential gene expression between LN and OB HSkMC transcriptomes ( Figure 1D ). We identified 118 significantly differentially expressed genes (Benjamini and Hochberg FDR-corrected at 5%, RPKM > 1) whose fold-differences were above 2 ( Table 2 ). As illustrated in the volcano plot, 109 genes were more highly expressed in OB samples whereas only 9 were more highly expressed in LN samples. Pathway analysis revealed enrichment of genes involved in calcium metabolism, including those involved in SR calcium cycling such as SLN, SERCA1 (ATP2A1), SERCA2 (ATP2A2), ryanodine receptor (RYR1), sarcalumenin (SRL) and triadin (TRDN), to be differentially expressed between LN and OB HSkMCs. Because of the newly-identified role of SLN in energy expenditure and obesity ( 12 ), we decided to pursue, for the first time, the physiological relevance of this gene in human muscles.
RNAseq data showed that SLN was 4.1-fold greater in OB than in LN (Figure 2A ). Quantitative PCR and Western blotting experiments validated these differences in HSkMCs (Figure 2B-D) and the differences were replicated in muscle biopsy samples ( Figure 2E and F). SLN exerts its effects on SERCA calcium ion channels in a fashion similar to that of its paralog phospholamban (PLN). Gene expression levels of SERCA1 (but not SERCA2, SERCA3 or PLN) were also elevated in OB HSkMCs and muscle biopsy samples ( Figure  2B-E) . Because the level of SLN might affect cellular respiration, we measured oxygen consumption in LN and OB HSkMCs. Consistent with previous findings, basal respiratory rates were not different between LN and OB HSkMCs ( 26 , 27 ) , but FCCP-induced respiration was lower in OB HSkMCs ( Figure 2G and H) . We found abundance of mitochondrial protein COXIV not to be different between LN and OB cells ( Figure 2C and D), making it unlikely that lower mitochondrial content to account for reduced FCCPinduced respiration in OB HSkMCs.
Lentivirus-mediated knockdown of SLN reduces cellular respiration
SLN whole-body knockout mice have reduced resting metabolic rate and are prone to dietinduced obesity ( 12 ) . SLN is highly expressed in skeletal muscle and affects cellular respiration through its action on SERCA ( 12 , 15 , 16 ) . To test the possibility that the effect of SLN deletion on muscle respiration is cell-autonomous, lentiviral knockdown of mouse SLN was performed on C2C12 myocytes ( Figure 3A and B). Consistent with data from wholebody knockout mice, deletion of SLN in C2C12 cells reduced cellular respiratory rates (basal and FCCP) ( Figure 3C and D) . Decreased basal respiration suggests sustained decrease in basal metabolic rate, possibly due to reduced ATP demand or mitochondrial proton uncoupling. Lack of a difference in oligomycin-induced respiration suggests that the difference in basal respiration is likely not due to differences in mitochondrial uncoupling. Decreased FCCP respiration reflects reduced maximal respiration, but reduced maximal respiratory capacity alone would not yield lower basal resting respiratory rates as ATP synthesis is regulated by ATP demand, not capacity ( 28 , 29 ) . Thus, loss of SLN function in muscle cells per se appears to reduce basal energy expenditure.
SLN-dependent respiration is blunted with obesity
Respiratory rates of OB myocytes were equal to or lower than LN myocytes ( Figure 2G and H) even though SLN expression was higher in OB cells (Figure 2A-D) . To examine the contribution of SLN on LN and OB HSkMC respiration, lentivirus-mediated knockdown of human SLN was performed ( Figure 4A and B) . SLN knockdown effectively reduced all SLN mRNA and protein expression to undetectable levels in both LN and OB myocytes. Our initial hypothesis was that SLN knockdown would result in a greater reduction in respiration in OB cells because of their greater basal SLN expression compared to LN cells. In contrast, after SLN knockdown, the basal and FCCP-stimulated respiratory rates were higher, not lower, than those in LN HSkMCs (Figure 4C and D) . Myocytes treated with scrambled lentiviral vectors exhibited respiratory rates similar to data in Figure 2G and H.
To compare the contribution of SLN on total cellular respiration, SLN-dependent respiratory rates (OCR SLN ) were calculated by dividing the difference between sc and shSLN OCR values by the sc OCR values according to the equation:
In LN myocytes, OCR SLN was ~40% for both basal and FCCP-stimulated respiration ( Figure 4E, filled bars) . In contrast, OCR SLN for OB myocytes was significantly lower than that for LN cells under both basal (20%) and FCCP-stimulated (11%) respiration ( Figure 4E,  empty bars) . Notably, the lower OCR SLN for OB cells was observed even though SLN protein abundance was 3.5-fold higher for the OB than for LN cells ( Figure 2C ). These findings suggest that SLN-dependent oxygen consumption is reduced with obesity.
Differential lipidome in LN and OB HSkMCs
The reduced efficiency of SLN-dependent respiration in OB vs. LN HSkMCs might have been explained by variants (e.g. SNPs) in OB cells that affect SLN enzymatic activity, but sequencing data from our RNAseq studies did not reveal such differences. SLN uncouples Ca 2+ uptake from ATP consumption by SERCA, and SERCA activity is affected by physiochemical properties of the SR lipid bilayer ( 24 , 30 , 31 , 32 ) . SR membranes consist mainly of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylserine (PS). We quantified these lipids from isolated SR from LN and OB HSkMCs by mass spectrometry ( Figure 5 ). SR total PC was greater in OB than in LN cells ( Figure 5A Figure 5D ). SERCA activity is affected by the properties of phospholipids in the membranes in which it resides, including identities of headgroups and fatty acid substituent chain length and degree of unsaturation (which affect bilayer thickness and membrane fluidity, respectively) ( 30 ) . Consequences of changes in SR membrane lipid composition on SERCA activity are complex, and several compositional parameters differed between OB and LN HSkMCs. SERCA activity is enhanced by PE compared to PC, and the PC/PE ratio correlates inversely with SERCA activity ( 24 , 30 , 32 ) . The PC/PE ratio for OB HSkMCs exceeded that for LN HSkMCs ( Figure 5E ), and this would be predicted to result in reduced SERCA activity and reduced OCR SLN in OB HSkMCs ( Figure 4E) . Distribution of the bilayer thickness as estimated from phospholipid fatty acid substituent chain length did not appear to be substantially different between OB and LN HSkMCs (Figure 5B-D) . Saturation indexes (nmol saturated acyl-chains/nmol unsaturated acyl-chains) for PC were higher in OB than in LN cells, but this index for PE was lower in OB than in LN cells ( Figure 5F ). These data suggest that phospholipid composition of SR membranes changes with obesity in a manner that could result in reduced SERCA activity and OCR SLN , thereby reducing the contribution of SLN-dependent oxygen consumption.
Discussion
Sarcolipin is a recently-identified enzyme that is involved in the regulation of skeletal muscle energy expenditure ( 12 ) . The mechanism involved is futile cycling mediated by the uncoupling of Ca 2+ transport from ATP consumption by SERCA pump within SR membranes. In this study, characterization of gene expression by primary muscle cells harvested from lean humans and those with severe obesity was profiled using RNAsequencing technology, revealing many genes involved in SR Ca 2+ cycling to be differentially expressed between the two groups. These include SLN, the expression of which was ~4 fold higher in OB than in LN HSkMCs. Nonetheless, knockdown experiments revealed that SLN-dependent respiration (OCR SLN ) in skeletal muscle cells from subjects with severe obesity was lower than in such cells from lean controls. SR Lipidomic analyses revealed OB and LN HSkMCs exhibited significant differences in phospholipid composition, including an increased PC/PE ratio and altered unsaturation index for OB HSkMCs that would be predicted to impair SERCA activity. This might represent a mechanism whereby SLN-mediated dissipation of energy is reduced in OB compared to LN HSkMCs and by extrapolation in humans with obesity compared to those that are lean.
Energy dissipation in adipose tissues, both in classical brown fat ( 6 , 7 ) and beige adipocytes ( 9 , 10 ) , has received much attention because of the potential therapeutic benefits of enhancing energy dissipation and preventing development of obesity. Skeletal muscle is another site of energy expenditure ( 8 ) . In both adipose tissues and skeletal muscle, uncoupling of proton pumping from ATP generation in mitochondria is one established mechanism for elevating respiration and energy expenditure. Similarly, uncoupling of SR Ca 2+ uptake from ATP consumption by SERCA has been proposed as an alternative mechanism for skeletal muscle energy dissipation ( 12 , 13 ) . Our findings suggest that the capacity for SLN-dependent respiration is reduced in skeletal muscles from subjects with obesity compared to lean controls, even though higher expression of SLN is observed in OB than in LN HSkMCs.
The current study does not establish causal relationship between reduced SLN efficiency and obesity. It is conceivable that muscles from individuals with severe obesity are preprogramed in a manner that results in a congenital reduction in muscle SLN efficiency. In that case, reduced SLN efficiency would impair muscle's ability for futile ATP consumption (which is manifested in augmented basal oxygen consumption) and thereby contribute to obesity. Our data indicating that OB HSkMCs exhibited reduced FCCP-stimulated respiration ( Figure 2G and H) might be interpreted to support this possibility, but SLN inefficiency would also be expected to be reflected in effects under basal conditions, which was not observed here or in other studies ( 26 , 27 ) . Reduced FCCP-stimulated respiration phase might reflect reduced oxidative capacity, a phenomenon commonly associated with physical inactivity and/or obesity ( 33 , 34 , 35 , 36 ) . A more likely scenario is that SLN inefficiency develops as a result of obesity. As we have shown, one possibility for reduced SLN efficiency in these muscles is a change in SR phospholipidome ( Figure 5 ). Lipid flux and organellar lipid composition have been found to change with the development of obesity ( 24 , 28 , 37 ) , and this might impair SLN efficiency in promoting energy expenditure by altering the phospholipid milieu in muscle SR membranes that contain SERCAs and SLN.
Human primary muscle cells derived from muscle biopsies were used for the studies described here. These cells are known to mimic under ex vivo conditions many phenotypic properties of muscle metabolism in vivo, and our findings with HSkMCs with respect to SLN-related molecular events might be relevant to human subjects. Genetic knockdown experiments and measurements of respiration described here are only feasible in cell culture, and we have used the best available cell model for human muscles to conduct these experiments. Our finding that SLN knockdown in HSkMCs results in reduced respiration confirms in vivo data previously reported for SLN knockout mice ( 12 ) . Moreover, SLN expression is increased in human muscle biopsy samples ( Figure 2E and F) , and muscle basal respiration in vivo is not different between lean humans and those with obesity ( 38 ) . These findings are compatible with the possibility that SLN efficiency in vivo might be reduced in individuals with obesity.
In conclusion, primary myocytes from humans with severe obesity displayed reduced SLNdependent respiration compared to lean controls, suggesting inefficiency of SLN-dependent energy expenditure. It is unclear what molecular mechanisms promote SLN inefficiency in obese muscles, but we postulate that a difference in SR membrane phospholipid environment might provide an explanation. Future studies should investigate how alteration in SR phospholipid composition might affect SERCA and SLN enzymatic activities in skeletal muscle.
What this study adds
• SLN is highly expressed in myocytes from humans with severe obesity
• SLN-dependent respiration is reduced in myocytes from humans with severe obesity
• Reduction in SLN efficiency might be explained by altered SR phospholipidome 
